To determine whether beta-blockade protects rat heart against thyroxine (T4)-induced accelelation of lipid peroxidation, in vivo effects of 3 beta-blockers with different ancillary properties on the mitochondrial oxidative enzyme, antioxidant enzymes and lipid peroxide were investigated.
Accelerated mitochondrial respiratory electron transport has been postulated to result in increased production of superoxide anion radical (Boveris et al., 1976) . This species can be an initiator of free radical chain reaction, eventually leading to peroxidation of mitochondrial membrane lipid unless removed by a coordinate action of superoxide dismutases (SODs) and scavenger enzymes of hydrogen peroxide (i. e., gluta-thione peoxidase, GPX, and catalase, CAT). We previously demonstrated that exogeneously administered T4 accelerated mitochondrial oxidative metabolism in rat heart, resulting in an increase in lipid peroxide (thiobarbituric acid-reactive substances, TBARS) despite the reactive increase in mitochondrial (manganese) SOD (MnSOD) (Asayama et al., 1987) .
Hyperthyroidism is known to be associated with an increase in heart rate, cardiac work, and myocardial contractility, and also with cardiac hypertrophy in experimental animals (Morkin et al., 1983) . Thyroid hormone has been shown to potentiate a beta-adrenergic effect by increasing the number of beta-adrenoceptors in the heart (Tse et al., 1980) . Accordingly, beta-blockers alleviate certain cardiac manifestations such as tachycardia, and an increase in cardiac output and cardiac work rapidly and independently of the thyroid hormone status (Klein and Levey, 1984) , and they are at least of some benefit in the management of hyperthyroidism.
Currently, beta-blockers with different ancillary properties are available. All beta-blockers have the property of blocking betai receptors but differ from one another in other respects such as selectivity for two subgroups of beta-adrenoceptor, partial agonist activity (FAA), and alphablockade. All such ancillary properties are generally considered to afford safety by reducing untoward effects secondary to nonselective beta-blockade (Man In' T Veld, 1987) . However, it has not been determined whether such properties are beneficial or not in hyperthyroid heart in which the tissue is hypersensitive to catecholamine (Tse et al., 1980) . The presents study evaluated the effects of 3 different beta-blockers. Carteolol (Otsuka Pharmaceutical Co., Tokushima, Japan) (Yabuuchi and Kinoshita, 1974) and arotinolol (Sumitomo Pharmaceuticals Co., Tokyo, Japan) (Hara et al., 1978) are nonbetai-selective blockers; the former possesses PAA, and the latter an alpha-blocking action and no PAA. Atenolol (ICI Pharma Co., Tokyo, Japan) (Barrett et al., 1973 ) is a beta1-selective blocker without PAA. Each drug acts longer than propranolol, and does not need frequent administration or continuous infusion to maintain the effect. Neither drug possesses membrane stabilizing activity which is known to affect the conversion of T4 to T3 in the peripheral circulation.
The effect of beta-blockers on the T4-induced oxidative stress in heart muscle has not been studied previously. In the present study, the in vivo effects of long-term administration of the three beta-blockers on the levels of mitochondrial oxidative enzyme (cytochrome c oxidase), antioxidant enzymes and TBARS in hyperthyroid rat heart muscle were investigated. 
Results
Heart rate and heart weight relative to body weight Table  1 lists the heart rates measured one day before sacrifice for each group of animals, the heart weights and the heart weights relative to body weight at sacrifice. The heart rates in the T4 groups in Exp I and II increased to a similar extent. Carteolol partially alleviated the tachycardia. The heart rate was suppressed less effectively at 3h than at 12h after the administration of carteolol. On the other hand, both atenolol in Exp I and arotinolol in Exp II suppressed the tachycardia completely not only at 3 h but also at 12h (for atenolol) and 24h (for arotinolol) after the drug administration.
The heart was markedly hypertrophied in all T4-treated groups in both Exp I and II, when judged by either heart weight or heart weight relative to body weight. Neither carteolol nor atenolol, but arotinolol slightly alleviated the hypertrophy.
Cytochrome c oxidase, antioxidant enzymes and TBARS in heart
Cytochrome c oxidase activity in heart muscle was increased in the T4 groups in Exp I and II, and atenolol in Exp I (Fig. 2) . Table 2 lists the levels of CuZnSOD, GPX and CAT in the heart muscle.
CuZnSOD was decreased in all T4-treated groups in Exp I and II. Similarly, GPX activity was decreased markedly in all-T4-treated groups, whereas it was slightly restored toward normal in the carteolol group. CAT was also decreased or tended to be decreased by T4, and was further decreased by either atenolol or arotinolol treatment. The TBARS levels in the T4 groups in Exp I and II were increased, and similarly to cytochrome c oxidase and MnSOD, atenolol, but neither carteolol nor arotinolol, significantly suppressed increase (Fig. 3) . The value in the atenolol group was slightly higher than that in the control group in Exp I.
Discussion
The tachycardia was suppressed completely by atenolol and arotinolol, whereas only the former normalized the oxidative enzyme, MnSOD and lipid peroxidation. On the other hand, the cardiac hypertrophy was only slightly alleviated by arotinolol alone.
Carteolol alleviated the tachycardia only partially and affected neither the oxidative metabolism, lipid peroxidation nor heart size. All beta-blockers used here possess a betai blocking properties. Thus, the differential effects observed here appear to be due the differences in their ancillary properties.
In the preliminary experiment, atenolol affected neither the oxidative enzyme nor the antixoidant enzymes in euthyroid animals, and therefore the metabolic suppression by atenolol observed here does not appear to be a nonspecific effect (data not shown). The dosage of carteolol used here is 3 times as large as that reported to be maximally effective on the cardiac hypertrophy in spontaneously hypertensive rats (Igawa et al., 1984) . The beta-blockers possessing PAA have been reported to reduce the heart rate to a lesser extent than those without PAA in clinical hyperthyroidism (Murchison et al., 1976) .
In the present study, carteolol suppressed the tachycardia less effectively at 3 h than at 12 h after the administration, although the tissue concentration should be higher at 3 h than at 12 h. This may imply that hypersensitivity to catecholamine in hyperthyroid heart exaggerates the stimulative property of carteolol.
Whether the cardiac hypertrophy is a direct effect of thyroid hormone or an adaptive response to the increased cardiac work is still in debate.
According to one recent report (Klein, 1988) , 10mg/animal/ day of propranolol completely prevented not only tachycardia but also cardiac hyper-trophy in T4-treated rats. It has also been reported that hypertrophy does not occur in a heterotopically transplanted, nonworking heart in hyperthyroid rat (Klein and Hong, 1986) . These findings support the view that the hypertrophy is secondary to the work overload. In contrast to this, other investigators (Gerdes et al., 1987 ; Limas and Limas, 1987) did not find a significant inhibition of the thyroid hormone induced cardiac hypertrophy by beta-blocker treatment despite the suppression of tachycardia. In the present study, atenolol administered at a comparable dose to that of propranolol used in the aforementioned study completely normalized the heart rate and oxidative enzyme, but did not affect the heart size. Thus, the hypertrophy is, at least in part, mediated by a nonmechanical factor.
The induction of SOD is considered to afford protection against oxidant challenge (Freeman and Crapo, 1981) and this notion is supported by the reported effectiveness of exogenously administered SOD for protection aginst oxidative injury (Burton, 1985) . However, an increase in SOD without a concurrent increase in other antioxidant enzymes has recently been reported to make the organ more susceptible to oxidant toxicity (Scott et al., 1987) . In the hyperthyroid heart, MnSOD was increased presumably as an adaptive response to enhanced oxidative stress, whereas the other antioxidant enzymes (especially GPX) were decreased. Such an imbalanced induction of the MnSOD did not appear to afford protection. Therefore, the normalization of lipid peroxide observed in the atenolol group appeared to be primarily due to the suppression of the oxidative metabolism.
A beta-adrenergic mechanism is known to play an essential role in modulating the oxidative metabolism in heart muscle. Beta1-blockade suppresses myocardial oxygen consumption by reducing heart rate, myocardial contractility and coronary blood duction in systemic blood pressure reduces the pressure work of the left ventricle, and contributes to the suppression of excess oxygen consumption.
On the other hand, the cardiac beta-blocade is also known to induce reflex vasoconstriction mediated by an alpha-adrenergic effect. The properties of PAA and ancillary alpha-blockade prevent this response, and this is generally considered to make the use of beta-blockers safer in most situations (Man In'T Veld, 1987) . However, the present study disclosed that the restoration of the oxidative metabolism and also presumably the coronary blood flow by such ancillary properties resulted in the failure to suppress the accleration of lipid peroxidation in the hyperthyroid heart muscle.
Thyrotoxic cardiomyopathy is not yet a well defined disease entity. However, a reversible and functional myocardial dysfunction is known to exist in clinical hyperthyroidism (Forfar et al., 1982) . Furthermore, hyperthyroidism is reported to induce ultrastructural changes in heart mitochondria in experimental animals (Callas and Hayes, 1974) . It has been demonstrated that active oxygen species can mediate myocardial damage (Jackson et al., 1986) , and that exogenously administered SOD partially protects against oxidative heart injury ( Burton, 1985) . The pathophysiological implication of the thyroid hormone induced increase in the myocardial lipid peroxide level and the suppression of that due to atenolol treatment observed here still need to be clarified further. The acceleration of lipid peroxidation can be an early biochemical change predisposing to cardiac dysfunction in hyperthyroidism, and the inhibition of such a process is potentially important.
The present results suggest that betal-blockade not only prevents tachycardia but also protects the myocardium against oxidative stress induced by hyperthyroidism, and that the ancillary properties of beta-blockers such as FAA and alpha- 
